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ABSTRACT

An investigation was conducted to determine the relative in-
fluence of shock-wave parameters on the strengthening of Magnetic
Ingot Iron and AISI 1008 Steel. The shock-wave parameters include
peak pressure, peak pressure duration, and rarefaction rate. An
independent variation of one of these parameters with the other two
held relatively constant provided an adequate source of comparison
to determine the effect of each parameter on hardness, tensile pro-
perties, strengthening, and microstructure. Eighteen shock-loading
conditions were studied with peak pressures of 8, 10, 13, 18, 25 and
35 GPa. As peak pressure was increased, an increase of the 0.2%
offset yield stress, hardness, twin density and the degree of room
temperature strain aging was observed. An increase of pulse duratiun
caused an increase of twin volume fraction, yield strength, and
strain aging. Rarefaction rate was found to produce no systematic
changes in structure or properties.

A recovery study on the shock-hardened material was conducted
and compared to samples which were cold-reduced to equivalent maximum
shear strain. Isochronal (I hr) anneals were conducted in the temp-
erature range from 25 to 6500C. Recovery was monitored by hardness
measurements, tensile tests, and optical and transmission electron
microscopy. Annealing response is most influenced by peak pressure
variations; however, increasing pulse duration can also effectively
modify the recovery. Rarefaction rate shows no unifying trends on
the softening of the shocked steel. One hour, 4500C recovery anneals
eliminated work softening in the lower pressure shots, whereas the
tensile properties of the higher pressure samples were only partially
stabilized by aging. An additional effect of the recovery anneals
was the appearance of upper and lower yield points in the shocked
and cold-rolled AISI 1008 steel. The annealed low-pressure and cold-
rolled samples showed improved tensile properties compared to the as-
deformed properties. The tensile properties of the high pressure shots
were not improved by aging at 450°C "
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I. INTRODUCTION

The industrial demand for materials with specific mechanical

properties has stimulated research and development of new processing

techniques. Some of these novel processes may not be immediately

acceptable; although the design specifications may be met, the ad-

vantages of incorporating the techniques may be outweighed by the

disadvantages. However, continued research should improve the

processes so that they may become alternatives to conventional methods.

A technique currently involved in this evolutionary trend is thermal-

mechanical processing (TMP) using high energy rate forming (HERF).

One of the more promising applications of using HERF in a TMP schedule

is shock TMP.

The benefits of using high velocity shock waves as a strengthening

mechanism, relative to strenthening by conventional straining, are

well known. They are summarized as follows [l]:

1. Higher strengths per unit strain.

2. Little or no shape change, i.e., small residual strain.

3. Absence of anisotropy; no significant orientation dependence
or directionality of properties.

4. Through-section uniformity of deformation and, therefore,
uniformity of strengthening.

5. Possibility of the application of large strains where high
initial strength, and/or minimal ductility, precludes other
means of straining.

In addition to the above structural advantages of shock straining,

there are also microstructural effects. Shock loading generates a

higher concentration of excess vacancies which can aid in reducing

- =- _-- - -
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aging times. Also, there is gene.-ally a higher density of finer slip

bands associated with this dynamic deformation [2]. Refinement of

slip can influence strength, ductility, fatigue, and stress rupture [3].

These inherent advantages lead to potential benefits from using shock

TMP.

However, there are still many factors involved with shock loading

that remain unclear. For example, little is known about the influence

of the shock-wave profile parameters other than peak pressure. Other

important shock parameters are peak-pressure duration and rarefaction

rate. Moreover, information on the effects of these three parameters

on the thermal recovery of shock-loaded metals is scarce. This know-

ledge is critical to the understanding of shock TMP. Therefore, the

present study was undertaken to partially fill this void for iron base

alloys. The following sections will provide a background for a clearer

understanding of shock TUP:

Section 1.1 Thermal Mechanical Treatments

Section 1.2 High Energy Rate TMP

Section 1.3 Shock TMP

1.1 Thermal Mechanical Treatments

Mechanical treatments are often applied in different sequences

with thermal treatments. Depending on the order, the heat treatments

are used to modify the microstructure by dislocation rearrangement,

phase transformations, precipitation, or grain-size control.

In order to distinguish among the great number of thermal-

mechanical treatments (TMT) or processes (TMP), a system of classifi-

cation has been developed by Radcliffe and Kula [4]. Their system can
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be summarized as follows:

Class I. Deformation completed before austenite transformation,
i.e., the formation of martensite in strain-hardened
austenite (e.g., ausworking). I

Class II. Deformation during transformation of austenite, i.e.,
the formation of martensite during deformation
(e.g., isoforming, TRIP Steels).

Class III. Deformation after transformation of austenite, i.e.,
strain aging of austenite transformation products
(e.g., marforming, warm working).

Class III treatments also include: ferrous or nonferrous alloys which

are precipitation-hardenable only; deformation plus aging; or pre-aging

plus deformation sequences [1].

As an example of the possible advantages of TMP, consider the

following: Bailey and Stevenson's [5] rationale in a recent investi-

gation on the TMT of SAE 1010 Nitrogenized Steel was to capitalize on

the inherent work-hardening effects during stamping of automotive

components. By incorporating the forming operations into a TMT process,

the researchers found that the tensile strengths were in excess of

600 MN/m 2 and total elongations were on the order of 18%. These

properties are equivalent to those of a 980 micro-alloyed high strength,

low alloy (HSLA) steel [5]. Other recent work done in conventional

TMP include those by Kou and Thomas [6,7] with ferrous alloys, and

Waldman, Sulinski and Markus [8] with aluminum alloy ingots.

Kula and Azrin [9] present a review of the major efforts where

TMT steels have been used to produce specific items of hardware (e.g.,

jet engine bearings and armor plating). Finally, Zackay [10] provides

a concise report on the effectiveness of the integration of physical

and process metallurgy on the technological advancements made in TMT I
of superaY loys, and possibly of aluminum and titanium alloys [10].
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1.2 High Energy Rate TMP

Since forming processes depend, in part, on the kinetic energy

imparted to the workpiece. it is worthwhile to consider the effects

of the rate of deformation processes in 174P. There are essentially

two variables that can be used to increase the input energy: mass

and velocity. However, from the kinetic energy equation, 1/2 mv , it

is obvious that the energy is more sensitive to variations in velocity

than in mass [11]. Thus, by increasing the rate of deformation, the

energy increases; a portion of this extra energy can be used to generate

more lattice defects, such as dislocations, vacancies, stacking faults,

and mechanical twins.

The benefits derived from using high energy rate forming (HERF)

processes have been extensively reviewed by Orava and Otto [2],

Orava [11), and most recently, by Orava and Wittman [l]. According

to the above references [1,2,11], the mechanical properties of many

metals can be improved by using HERF techniques. There is also the

the possibility of gaining further improvements by HERF 14T.

In the decision to substitute HERF T4T in place of conventional, -

slower-rate deformation TMT methods, two factors must be considered

[12]:

(1) Whether HERF TMT furnishes terminal properties over and above
those obtained by conventional TMT or by mechanical or thermal
treatments alone.

(2) Whether the shape or size of the material is convenient for
HERF T1T.

The progress of employing dynamic TMP has been somewhat lethargic

in the past. For example, in 1970, it was reported [2] that a greater
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increase in terminal hardness could be obtained in aluminum alloys

after HERF prestrain than after uniaxial static orestrain. However,

in the intervening years, this research has not been completed; the

strengthening of precipitation-hardenable aluminum alloys has not been

experimentally determined [1,11]. Stein and Johnson [13] studied the

properties of D6-AC tool steel and H-11 HSLA steel which had been aus-

formed by explosive forming. They found that the mechanical properties

of the steels were not improved by using HERF in TMT. Their only en-

couraging conclusion was that it is possible to explosively ausform

steels which transform too quickly to allow ausforming by conventional

means. Orava [11] reports that other attempts have met with equally

discouraging results: the benefits of TMP by explosive forming of

17-7PH stainless steel and Beta III titanium alloy were not sufficient

to justify dynamic forming solely for this purpose.

In late 1970, Murr and Korbonski [14] presented some significant I
results on the thermal recovery of explosively formed Type 304 stain-

less steel. Unfortunately, the authors did not compare their results

with statically deformed stainless steel. However, a qualitative

comparison may be made between statically and dynamically deformed

304 stainless steel by using the results obtained by Murr and Grace

[15] in 1969. In this paper, it was pointed out that simple static

compression of the austenitic stainless steel led to dislocation pile

ups; cold rolling the same material formed a-martensite, and shock

loading produced twin faults. When the stainless steel was explo-

sively expanded more than 25%, the resulting substructure was charac-

terized by a high density of dislocations and deformation twins. It

_ _ _ -
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was also determined tha " the subsequent thermal response of HERF

expanded 304 stainless steel is essentially identical to that for

shock-loaded stainless steel in terms of hardness and microstructure

[14].

Although the results by Murr et al. [14,15] are encouraging, they

are not complete. Optimization studies should be made, for example, on

the terminal mechanical properties of Type 304 stainless steels, stati-

cally and explosively expanded, with subsequent agiwg in the recovery

range (<700'C).

1.3 Shock TMT

As previously mentioned, a highly promising aDpiication of TMP

by HER deformation is shock TMP. The effect of shock deformation is

to increase the dislocation density and/or to form a polygonized sub-

structure. Although the yield strength is increased by shock loading,
the ductility may be greatly reduced [16]. Therefore, the recovery
anneals are used to stabilize the shock-induced substructure. In this

way, the terminal properties of metals can be improved.

Although several papers have discussed shock TMP, most of them

were concerned only with monitoring the annealing response of shock-
~hardened metals. Few attempts were made to optimize the TMP. However,

in order to obtain the maximum benefits from a shock TMP schedule, it is

useful to review some of the earlier results obtained for iron-base

alloys.

Leslie et al. [17] studied the effects of annealing temperature

on the microstructure of a-iron shock loaded between 7 and 55 GPa and

cold rolled 60 and 90%. It was found that the shocked iron recrystal-

..... it
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lized more rapidly than the cold-rolled iron. This was attributed to

the high concentration of point defects thought to be present in

shock-strengthened materials. Also, there was little difference in

the kinetics of recrystallization of specimens shocked between 15.5

and 31 GPa at annealing temperatures of 500'. below. Specimens

loaded to above 13 GPa recrystallized to fine, equiaxed ferrite grains

which confirmed an earlier observation by Zukas and McQueen [18].

The Soviets have also studied shock TMP of --iron. Pressures of

11.5 and 21 GPa at 20 to 950*C were used for shock-loaded Armco iron

in one investigation [19]. When the iron specimens were shock strength-

ened at different temperatures and a pressure of 21 GPa, it was found

that the mechanical strength properties fall as the loading temperature

rises, but then levels to a constant value at 700°C. They offer no

explanation for this occurence. Specimens loaded to approximately

11.5 GPa at 700 and 900C underwent the a- y phase transition. This

process resulted in recrystallization with considerable grain refine-

ment, disappearance of twin markings, and a drop in hardness. The

same Soviet investigators studied the strength and ductility of Armco

iron shock loaded to 13 GPa at 750 and 800°C [20]. By analyzing their

data, it was found that after shock treatment at 7500C, there was an

increase of 68% in the 0.2% yield strength and a decrease in ductility

of only 3% from the original annealed state. After a second anneal at

300%C for two hours, the 0.2% yield strength dropped approximately 10%,

but the ductility increased almost 6% over the values of the initial

shock-thermal treatment. Similar results were obtained from shocking

at 800%. These Soviet findings must be used with caution as there

were no measures taken in either investigation to prevent spallation
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during shock loading. .
The annealing response of shock-loaded Type 304 stainless steel

was studied 4, the pressure range of 12 to 120 GPa, and compared with

the response of the same material cold rolled 5 and 45% [21]. The

recovery of the mechanically deformed stainless steel was monitored

by micro-hardness measurements and by optical and transmission electron --

microscopy. The hardness data show that softening occurs at lower

temperatures for heavily cold-rolled stainless steel than for shock-

loaded stainless steel.

Electron microscopy of the shocked material revealed the presence

of an increasing volume percent of twin-fault density with increasing

pressures up to 42.5 GPa. This high density of twin faults was re-

sponsible for retarding the recovery and recrystallization processes.

In contrast, the microstructure of the cold-rolled stainless steel was

characterized by extensive martensite.

Optical microscopy showed that for the annealed, shocked material,

complete recovery led to grain growth with no classical (intermediate)

recrystallization stage. Recovery of the shocked stainless steel was

also described as possibly resulting from a high density of point

defects. Similar microscopic observations of the 45% cold-rolled

stainless steel disclosed a typical recovery and recrystallization

response. In addition, there was no evidence of grain refinement in

the shocked stainless steel as was previously seen in the shocked iron

[17,18]. According to the authors, "...this feature (lack of grain

refinement) is indicative of the fact that the twin-fault structures

in the shock-loaded stainless steel recovered without necessarily

acting as prominent nucleation sites for new sub-grains..." [21].

----- .- - -" -- = - - --
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Other work [14] on the annealing response of shock-loaded 304 stainless

steel led to similar results. I
Through electrical resistivity measurements of shocked (30 GPa)i

Fe-Mn alloys, Christou [22] observed three recovery stages, designated

as Stages III, IV, and V: Stage III corresponds to the annihilation

of interstitials through recombination with vacancies; Stage IV is

interpreted as being due to the migration of vacancies to dislocations;

and Stage V involves the annealing out of dislocations through a

dislocation climb process which involves the self diffusion of vacancies.

From these findings, it was concluded that the vacancy concentration

after shock loading to 30 GPa is much larger than the interstitial

concentration.

An investigation of the effects of shock loading on Young's Mcdulus 4
of 1018 steel and of the activation energy of recovery was conducted

by Huo and Ma [23]. They postulated that in 1018 steel shocked to I
approximately 10 GPa, carbon plays the dominating role in the recovery

process, with nitrogen and vacancies having only a minor role. However,

at approximately 30 GPa, the role of vacancies become more important.

These speculations can be justified since the concentration of

vacancies increases with increasing shock pressure. The activation

energies for recovery also tend to confirm these hypotheses.

Stein and Johnson [13] directed their study towards the opti-

mization of shock ausforming a 0.43% C, 3.0% Cr, 1.5% Ni and 1.5% Si

steel. The material was shocked in three conditions: (1) in the

metastable austenitic state, (2) in the tempered martensitic state,

and (3) in the tempered martensitic state after prior ausforming.

While shock loading increased the yield strength of the steel in

-M
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all three conditions, the maximum benefits were obtained from shock

loading a sample tempered at 212F (100C) for one hour. The ultimate

tensile strength increased from 250 ksi (1724 MN/m2) to 398 ksi (2745

MN/m 2) and the ductility increased from 1% to 21% reduction in area.

I I
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II. PROGRAM OBJECTIVES

The experimental approach was designed to achieve the following

objectives:

1) To correlate the specific shock-wave parameters: peak
pressure, pulse duration, and rarefaction rate with hardening,
microstructure, and the a-e transformation.

2) To permit the classification of shock-wave parameters according
to the order of their contribution in controlling microstructure,
mechanical properties, and hardening.

3) To assess the validity of previous results pertaining to the
hardness, microstructure, and mechanical properties of shock-
loaded pure iron and low-carbon steel.

4) To evaluate the hardness response of shocked iron to strain
aging as a result of shock loading.

5) To improve the mechanistic understanding of the shock
strengthening of iron, as it is affected by shock parameters
other than peak pressure.

6) Assessment of the advantages of the combined effects of
thermal and mechanical treatments.

7) Determination of the combined effects of temperature and the
shock-wave parameters (peak pressure, pulse duration, and
rarefaction rate) on the recovery of the shock-hardened
materials.

8) Correlation of the mechanical and thermal behavior with the
dislocation substructure, phase transformation products and
grain morphology.

*--
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III. EXPERIMENTAL MATERIALS AND PROCEDURES

3.1 Materials

The materials under investigation were Armco Magnetic Ingot Iron

and AISI 1008 Steel. Magnetic Ingot Iron sheet, 0.110 in. (2.8 RD)

thick was obtained from Armco Steel Corporation in a cold-rolled form.

The AISI 1008 sheet of thickness 9.118 in. (3.0 mm) was received in a

recrystallized form from the supplier.

The chemical analyses of the Ingot Iron and AISI 1008 Steel as

determined by Anamet Laboratories, Inc., Berkeley, California are

(weight percent):

Element Ingot Iron 1008

Al 0.07 0.003
C 0.006 0.074
Cr 0.05 <0.005
Cu 0.11 <0.005
MN 0.14 0.39
Mo 0.04 0.02
Ni 0.07 <0.005
N 0.006 0.002
0 0.004 0.007
P 0.006 0.007
Si 0.08 <0.005
S 0.019 0.010
Ti 0.07 <0.005

The Magnetic Ingot Iron was cut into three inch (8.0 cm) by four inch

ME (10.0 cm) pieces, annealed at 723 0C for one-half hour in an Argon

atmosphere, and allowed to furnace cool. The average grain diameters

were 19.3 pm and 130 Pm for the AISI 1008 Steel and Magnetic Ingot Iron,

respectively. The microstructures of the AISI 1008 and Magnetic Ingot

Iron are shown in Figure 1.

- _ .

if - ---
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3.2 Shock-Loading Procedure

The explosive-loading conditions to permit a correlation of shock

hardening and substructure with differences in shock-wave parameters

were generated with a computer program [24]. Orava and Wittman [25]

introduced the use of the Gurney model for predicting driver-plate

velocity from explosive loading. The computer program supplies a

rapid means of utilizing these techniques to generate shot specifica-

tions from desired parameters. The shot parameters with explosive and

tooling dimensions are listed in Table I.

Shock deformation is achieved by th propagation through the

material of a planar shock wave produced by means of a "mouse trap"

or parallel-plate generator, illustrated in Figure 2. This accelerates

a driver plate to a high velocity impact with the specimen assembly

shown in Figure 3. This system is designed to prevent spalling and

to minimize internal wave reflections and their effects.

The assembly consists of a 1/16 in. (1.6 mm) thick cold-rolled

steel cover plate to protect the specimen surface and a 3/4 in. (1.9

cm) thick spall plate. In between the cover plate and spall plate

two 3 in. (8.0 cm) by 4 in. (10.0 cm) specimens are placed with the

top one being Magnetic Ingot Iron and the lower 1008 Steel. This

composite is surrounded by four 1 in. (2.5 cm) thick momentum traps

and rests on a 3/4 in. (1.9 cm) thick steel anvil plate. The various

components are adhered together by means of an epoxy resin to ensure

transmittal of the shock wave across the metal-metal interface. All

of the steel is cold-rolled AISI 1020, the acoustic impedence of which

closely matches that of Magnetic Ingot Iron and AISI 1008.

The driver plate, determined by computer program to generate
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desired shock-wave parameters, positioned either parallel or inclined to

and displaced at the necessary standoff distance from the target, is

accelerated by means of an explosive detonated by a plane-wave generator. I
The plane-wave system, used to detonate this explosive uniformly, is

comprised of balsa wood standoffs supporting the driver plate and

explosive. The inclined-plate shot setup is used for loads less than

15 GPa. Above 15 GPa the parallel-plate or "mouse trap" assembly is

used. In the "mouse trap" assembly, point detonation of the line-wave

generator results in the line detonation of the starter charge of

Detasheet C-2 placed on the glass plate (Figure 2A). As the two

sheets burn, they fracture the glass. The preset angle provides a

planar shower of glass fragments onto the main charge. This results

in simultaneous detonation over the entire main charge surface.
The assembly is placed on a piece of insulation board set on a

reinforced cardboard box filled with water. The water serves both

as a quenching media and to slow the shot assembly. The steel anvil

experiences spallation, but the spall plate/specimen composite is re-

covered from a pool formed by some of the water originally in the card-

board box.

The explosive used in the experiments is "Detasheet C-l" and

"Detasheet C-2," a DuPont PETN-base plastic explosive with density of

1.55 x 102 kg/m 3 and 3.1 x 102 kg/m 3, respectively. The detonation

velocity is given by the manufacturer as 7000m sec

The completed shot assemblies ready for detonation are shown in

Figure 4. The explosive shots were detonated at Ellsworth Air Force

Base, Rapid City, South Dakota under the supervision of ordnance

officers.

Im

- - - --- -_ _ . .. ]..
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3.3 Cold Rolling Procedure

To provide a basis of comparison, samples of ingot iron and AISI

1008 steel were cold rolled to the same maximum shear strain as the

shock-strengthened specimens. Since there is a state of uniaxial

strain produced in shock loading, the shear strain experienced by the

shock-loaded material was taken as [26]:

yms= 2 ln V/Vo

where V and V0 are the compressed and initial specific volumes, respec-

tively. The factor of two represents the straining at the compressive

and tensile parts of the shock wave. When the maximum shear strain for

the shocked material is equated to the maximum shear strain for the

rolled material, given as:

ymr = 2 ln (I +

the engineering thickness strain, ctr' can be determined. Hence, the

percent reduction in thickness can also be determined.

The values for the relative volumes (V/Vo) were taken from the
0

Hugoniot curve for iron [16]. Table II lists the values from the

Hugoniot curve, the ralculated engineering thickness strains, and the

corresponding percent reduction in thicknesses for the cold-rolled

samples. There was approximately 0.5% reduction in thickness per pass.

3.4 Thermal Treatments

The AISI 1008 steel and ingot iron samples, both shocked and cold

rolled, were subjected to one-hour isochronal thermal treatments be-

I tween 100 and 6500C. Control samples of the two materials were also
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heat-treated. To insure that all of the samples experienced a con-

stant time at temperature, all of the specimens for each heat treat-

ment, were thermally treated together.

A LINDBERG salt bath furnace, Type 56622, was used for the re-

covery experiments. The composition of the salt was 50% potassium

nitrate - 50% sodium nitrate, or 50% potassium nitrate - 50% sodium

nitrite [27]. The temperature of the salt bath was monitored by an

external, Type K, themocouple connected to a Leeds-Northrup Millivolt

Potentiometer, Type 3690. The accuracy of the temperatures was

approximately ±50C.

Following the recovery treatments, the samples were water quenched

and mounted in metallographic mounts with room-temperature-cure epoxy.

3.5 Hardness Testing Procedure

S "ain aging was followed using Diamond Pyramid Hardness (DPH)

measurements. Measurements were performed on the shot samples immediately

upon returning to the lab from the detonation range. The initial

readings were made directly on the shot samples at room temperature

without surface improvement. After the initial hardness readings

were taken, a 1.2-in. (0.013 m) square piece was cut from each 3-in.

(0.076 m) by 4-in. (0.102 m) shot sample. These pieces were ambient- I
temperature mounted in a clear polyester casting resin to enable

polishing for better hardness readings duriig the rest of the room

temperature strain aging measurements. lhe mounted samples, upon

curing, were mechanically polished on a Jarrett Precision Polisher

to 600 grit. The samples were Nital etched for 20 seconds to remove

the deformed surface layer.

_
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The hardness readings were taken on an Avery Visual Hardness Test-

ing Machine, Type 6406, with a 30 kg load. To insure accuracy, the

Avery Hardness Tester was checked hefore each series of measurements

with d calibration bar. Approximately ten readings were taken on each

sample with no edge effects included. The raw data were converted to

Diamond Pyramid Hardness (DPH) numbers by the relationship [28]:

load (kg)
DPH = (1.854) diagonalz(nn)z

All the remaining shock-loaded material was stored at -18%, in order

to retain the as shocked properties.

3.6 Optical Metallography Preparation

After the hardness testing, the samples were ground through 15 Um

emery paper. They were then polisheu with 1 um diamond paste and with

0.05 pm alumina.

The mechanically-polished specimens were subsequently electro-

polished. The electrolytic solution consisted of 90% glacial acetic

acid and 10% perchloric acid. To obtain the optimal polishing condi-

tions for this electrolyte and the two materials, current-voltage data 7

were obtained as suggested by Thomas [29]. A current density of 0.4

amps/cm2 and voltages of about 10 and 20 volts were required for the U-1

ingot iron and AISI 1008 steel, respectively. The electropolishing

times were three minutes for the ingot iron and four minutes for the

AISI 1008 Steel.

The optical metallography was done on a Vickers Projection Micro-

scope.
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3.7 Quantitative Metallography

Quantitative metallographic techniques were employed to determine

the volume fraction of grains that contained twins, and the volume

fraction of twins within the twinned grains. The point count method

was chosen as the most efficient way to measure volume fraction. A

5 by 5 point grid was employed on the metallograph viewing screen.

A minimum of 200 grains in area was used for the volume percent of

grains containing twins. The point count was also used to determine

the volume percent in each grain.

3.8 Tensile Sample Preparation and Testing Procedure

Tensile samples were machined from each shocked and rolled speci-

men according to the specifications of ASTM A 370 subsize specimens.

The dimensions of the tensile bars are given in Figure 5. One tensile

sample from each of the deformed specimens was annealed at 450'C for

one hour.

The tensile bars were mechanically ground on 55 pm silicon paper

and electropolished in a solution of 90% glacial acetic acid - 10%

perchloric acid. A time of 10 minutes at a current density of 0.6

2Iamps/cm removed 2.5 x 10-4 m from the gauge thickness. After removing

the surface layer, the minimum cross-sectional areas were determined

by a micrometer.

All tensile tests were performed on a MTS machine, Model 914.69,

at room temperature and at a strain rate of 10' sec - . The load/

elongation curves were converted to engineering stress/plastic strain 19

curve: using the point-intercept method. The 0.2% offset yield

strength, ultimate tensile strength (UTS), and the percent elongation
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to UTS data were determined from these graphs. The percent reduction

in area data were obtained from measurements on a light microscope

with a filar eyepiece.

3.9 TEN Specimen Preparation

TEM specimens were cut from the as-shocked and the shocked, plus

aged samples using a BUEHLER ISO-MET low speed saw. The average thick-

ness of the cut samples was 6 x 1 4m. These wafers were mechanically

thinned to 10-4m using 30 pm silicon carbide paper. Discs 3 mm in

diameter were then punched with a standard Diemens grid punch. The

discs were subsequently electrothinned using a FISCHION Twin-Jet

Electropolisher. The average thinning time was five minutes at a

2
current density of 0.7 amps/cm The samples were observed on a RCA

EMU-3G TEM at 100 kV.

NI
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IV. EXPERIMENTAL RESULTS

4.1 Structure and Properties of The As-Shocked Material

4.1.1 Optical Metallography

The microstructures of the shock-loaded Armco Magnetic Ingot Iron

and the AISI 1008 Steel both exhibited twinning as the predominant

feature. An X-ray diffractometer analysis of the as-shocked specimens

revealed the presence of only B.C.C. alpha iron, with no detectable

amount of high-pressure epsilon being retained upon unloading.

With duration and rarefaction rate held constant, a variation of

peak pressure has a significant effect on the percentage of grains

which contain twins after shock loading. The photomicrographs shown

in Fioures 6 and 7 show that as peak pressure increases the number of

grains containing twins plus the volume fraction within twinned grains

increases.

Increased peak pressure duration increases the volwe fraction of

grains exhibiting twins and the number of twins within twinned grains

in shock-loaded iron and steel. This result is shown in Figures 8 and

9. Shot pairs where rarefaction rate and pressure are held constant,

such as shots 10 and 11, shots 13 and 14, and shots 16 and 17, in

particular, show that increased duration increases twin volume fraction.

Twin formation in both the materials studied are more influenced by

duration between 0.5 and 1.0 psec than between 1.0 and 2.0 usec.

These data are.presented in Table III.

The remaining shock-wave parameter, rarefaction rate, was found

to have a less pronounced effect on the shocked microstructure.

Figures 10 and 11 both demonstrate that at a given pressure and dura-

tion the higher rarefaction rate favors smaller twins than does a
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lower rarefaction rate. The effect of rarefaction rate on volume

fraction of twins formed is not well pronounced. No systematic

trend across all shock pressures was detected. All data related to

the m&a n VoA. fart n tabulated in Table IV.

4.1.2 Hardness and Room Temperature Strain Aging

When duration and rarefaction are held constant a moderate in- -

crease in hardness on the Diamond Pyramid Hardness scale (DPH), was

observed for the 8, 10, and 13 GPa pressures. Between 13 and 25 GPa

pressure, the hardness jumped more than 100 DPH points for both

materials studied. The data showing these results are plotted along

with the data of Zukas [31] and Dieter [16] in Figure 12. A

Strain aging at room temperature is occurring in the Armco Ingot

Iron and 1008 Steel between the time of the explosive event and 48

hours. After 48 hours, no significant change in hardness with time

ws observed. These results are provided in Figures 13 and 14. The

absence of data points in Figures 13 and 14 at 3 to 4 hours after

shock loading for several of the tests, is related to the poor condi-

tion of the specimen surface, making usable har'dness measurement

impossible.

When duratinn is varied with peak pressure and rarefaction rate

held constant, a direct correlation is also observed between hard-

ness and microstructure. The hardness data tabulated in Table V for

shot pairs 10 and 11, and 13 and 14, could be compared with the

photomicrographs in Figures 8 and 9. It appears that in the pre-

ssure range of 13 to 33 GPa, where three waves would traverse the
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the iron specimens, duration is significant in developing the

microstructure and mechanical properties of the material. Duration

appears to have had little or no effect on microstructure or hard-

ness between 8-13 GPa and above 33 GPa pressure. A summary of some

of the hardness data are given in Table V.

When peak pressure and pressure duration are held constant, it

appears that varying rarefaction rate results in no systematic modi-

fication of microstructure or hardness, with one exception -- shot

pair 11 and 12. Table VI provides a summary of DPH hardness data

to show the role of rarefaction rate.

4.1.3 Tensile Properties

Peak pressure is seen to affect the yield strength and ultimate

tensile strength (UTS) significantly (Figure 15, A and B). The

engineering stress-strain curves with only peak pressure changing

demonstrate the marked increase in strength for the 25 and 35

GPa shots over the lower pressure shots. All the stress-strain

curves fail to show the typical work-hardening behavior of ordinary

steels. Instead, the stress-strain curves show signs of early plastic

instability such that the UTS is reached at small tensile elongations. I
These results are shown in Figures 16 and 17.

The amount of elongation to UTS present for material shocked at

or below 13 GPa is similar. The 25 and 35 GPa shots yielded greatly

reduced elongations to UTS. The presence of a plastic instability

is further exemplified by the data on percent elongation to UTS and

for reduction in area. When the materials are shocked to higher

pressures, a very low elongation to UTS is observed with considerable

-"--
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reduction in area still present. (See Tables VII and VIII).

Increased pulse duration is observed to increase the 0.2% offset

yield of both materials (Table IX). Figures 18 and 19 show that in-

creased duration increases yield strength, expecially after the 25

and 35 GPa shots.

The amount of reduction in area is slightly lower in the higher

duration shots. Uniform elongation to UTS is also slightly affected

with the higher duration shots exhibiting increased elongations prior

to failure. These trends are shown in Figures 18 and 19.

Rarefaction rate is found to be the least significant shock para-

meter. Little systematic trend was detectable in the dependence of

tensile behavior on rarefaction rate. Out of a total of .24 strength

comparisons, (yield and UTS), in 14 cases the higher strength was

associated with a lower rarefaction rate. In comparing ductility,

9 of the 24 had a lower ductility associated with a lower rare-

faction rate.

4.2 Variation of Hardness with Recovery Anneals

4.2.1 Effects of Peak Pressure

The results of macrohardness measurements on the annealed

materials where peak pressure is varied with constant pulse dura-

tion (1.0 iisec) and rarefaction rate C-51.5 GPa/jisec) are shown

in Figure 20 for the AISI 1008 Steel, and in Figure 21 for the

ingot iron. These data are also found in Tables X and XI. Figures

20 and 21 show that as the peak pressure is increased from the un-
Ij

deformed state to 35 GPa, there is a corresponding increase in

4
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hardness. The highest initial hardness values were obtained by the

samples shocked at 25 GPa. Up to 4500C, the hardness values remain I
somewhat constant, with the exception of the 25 GPa specimens which

dropped in hardness between 25 and 1000C. Above 450*C, there is a -

more pronounced softening in the 25 and 35 GPa samples than in the

lower peak-pressure sampies. i
The shock-induced hardness completely recovers in the AISi 1008

steel at 6000C, and in the ingot iron at 6500C. In addition, the

higher peak-pressure shots attain slightly lower hardness values at

these high annealing temperatures than the samples shocked at the

lower pressures.

4.2.2 Effects of Pulse Duration

The effects of pulse duration on the annealing response of shock-

hardened AISI 1008 steel are seen in Figures 22-27 and Table XII. I
Increasing the pulse duration from 1.0 to 2.0 usec at the lower pres-

sures (8-13 GPa), with constant rarefaction rates, results in similar

annealing responses. See Figures 22-24. At higher peak pressures

(18 and 25 GPa), and at constant rarefaction rates, an increase in U

pulse duration from 0.5 to 1.0 usec drastically alters the recovery

responses (Figures 25 and 27). These figures show that the longer

pulse duration increases the initial hardness; a more pronounced

softening at the higher temperatures is also evident in these samples.

At 35 GPa, increasing the pulse duration from 0.5 to 1.0 usec

slightly increases the hardness, but the annealing responses are

nearly identical.Ii
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4.2.3 Effects of Rarefaction Rate

The effects of varying the rarefaction rate (i.e. the rate of

peak pressure release) at constant peak pressures and pulse dura-

tion (1.0 Psec) on the annealing response of AISI 1008 steel are

shown in Figures 28-33 and Table XIII. In general, there are no

unifying trends among the samples at these conditions.

Smaller rarefaction rates increase the hardness of the 8, 10,

25, and 35 GPa specimens at annealing temperatures up to 5000C.

Above this temperature, the lower rarefaction rates promote greater

softening in the 25 and 35 GPa samples. In contrast, the 13 and 18

GPa samples show that an increase in the rarefaction rate results

in higher initial hardness and greater softening at higher temperatures.

4.2.4 Effects of the Mode of Deformation

A comparison was also made between the effects of the two modes

of deformation, cold rolling and shocking, on the annealing response

of AISI 1008 steel and ingot iron. The shock-strengthened samples

in this comparison have a pulse duration of 1.0 Usec and rarefaction

rate of approximately -51.5 GPa/psec. The results of this study are

presented in Figures 34-39 and Table XIV and XV. With the exception

of the 8 GPa shot, the shocked samples attain higher hardness than

the cold-reduced samples. In addition, there is a greater recovery

of hardness at the higher annealing temperatures when the materials

are shocked.

4.3 Influence of Recovery Anneal on Tensile Properties

4
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4.3.1 Effects of Peak Pressure

When peak pressure is varied at constant pulse duration (1.0

psec) and rarefaction rate (- -51.5 GPa/iisec), the tensile properties

of AISI 1008 steel and ingot iron are characterized as follows:

1) Increasing the peak pressure results in higher 0.2% offset
yield strength and UTS.

2) The percent elongation to UTS is generally less than 10%, and
the percent reduction in area is greater than 50%. As the
peak pressure increases, these forms of ductility decrease.

The low percent elongation to UTS with the higher percent reduction in

area is usually a sign of plastic instability or "work softening."

These phenomena are discussed in greater detail in the section.

At the same shock-loading conditions, a one-hour anneal at 450*C

modifies the tensile properties in the following manner:

1) All the samples show a reduction in the 0.2% offset yield
strength. The 25 and 35 GPa shots experience greater drops
than the other shots.

2) The UTS of the lower-pressure samples is equal to, or greater
than the UTS of the as-shocked tensile specimens.

3) The percent elongation to UTS increases from the as-shocked
condition. Again, the lower pressure shots exhibit a
greater increase in this measure of ductility than the
higher-pressure samples.

4) The 4500C anneal increases the percent reduction in area

of the shocked material, but usually not more than 5%.

With the exception of the 8 and 25 GPa shots, the shocked and

aniealed steel exhibits upper and lower yield points similar to con-

ventionally deformed low-carbon steels [30]. There is also a tend-

ency for the lower pressure shots to work harden after the one-hour

anneal. However, the 25 and 35 GPa samples still show signs of

plastic instability after aging at 4500C. The above results are
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presented in Figure 40 and Table XVI for the AISI 1008 steel, and

Figure 41 and Table XVII for the ingot iron.

4.3.2 Effects of Pulse Duration

The effects of pulse duration on the tensile properties of AISI

1008 steel are not as clearly defined as the effects of peak pressure.

At the lower pressures (8-13 GPa) an increase in pulse duration from

1.0 to 2.0 psec shows no systematic trends in strength or in ductility.

However, at the higher peak pressures (18-35 GPa) an increase in pulse

duration from 0.5 to 1.0 psec leads to an increase in both the 0.2%

offset yield strength and UTS. With this increasing strength, there

is a corresponding decrease in both the percent elongation to UTS and

the percent reduction in area. See Table XVIII for these comparisons.

As seen in Figures 42-47, all of the as-shocked samples show

signs of plastic instability. The instability is partially eliminated

by the 4500C anneal aging and also tends to lower to 0.2% offset

yield strength and increase the UTS of the shocked specimens. In

addition, the trend of greater strength and less ductility with in-

creased duration at the higher pressures is also evident in the

shocked and annealed specimens.

4.3.3 Effects of Rarefaction Rate

There are no systematic trends in the tensile properties of

the AISI 1008 steel by varying the rarefaction rate and holding the

other two shock-wave parameters constant. There is also a lack of

a unifying trend between the tensile properties of the as-shocked
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and the shocked and annealed conditions. The results from these tests

are shown in Figures 48-53 and Table XIX.

4.3.4 Effects of the Mode of Deformation -

The AISI 1008 steel shocked to 8, 13, and 18 GPa have lower

strengths than the samples cold-rolled to equivalent maximum shear

strains (Figures 54-56 and Table XX). However, the 25 and 35 GPa

samples exhibit a marked increase in strength over the cold-re-

duced material as seen in Figures 57-59. The percent elongations to

UTS for the cold-rolled steel are all less than 10%, and the percent

reduction in areas are greater than 70%.

At the lower shear strains, the shocked and rolled steel have

similar ductilities, but the 25 and 35 GPa shots are slightly less

ductile than the 14 and 16% reduced samples, respectively.

As reported in Section 4.3.1, the effects of aging at 4500C on

the samples with constant pulse duration and rarefaction rate are: I
a decrease in the 0.2% offset yield strength; similar or greater UTS

in the lower pressure shots, and a lower UTS in the 25 and 35 GPa

samples; and an increase in ductility.

The response of the rolled steel to the 450'C anneal are sporadic.

The 4 and 16% reduced tensile samples exhibit an increase in the 0.2% V

offset yield strength, but in the reamnining samples there is a decrease

in the 0.2% offset yield strength after the recovery anneal. The tITS

of the rolled and aged specimens equals or exceeds the tensile

strengths of the same samples in the as-rolled condition with the A

exception of the 16% reduced specimen.

A
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4.4 Optical Microscopy

4.4.1 Effects of Peak Pressure

The combined effects of peak pressure and aging on the micro-

structure of AISI 1008 steel are clearly seen in Figure 60. A pre-

dominant feature of the as-shocked samples is twin-like markings or

Neumann bands. An increase in peak pressure from 13 to 25 GPa results

in an increase in the number of grains containing twins. The 25 GPa

sample also shows grains containing a high concentration of very fine,

indistinguishable markings; the 13 GPa micrograph shows a smaller per-

centage of these mottled markings.

Aging at 450°C for one hour clears the grains of the fine struc-

ture in the 13 GPa sample, and to a lesser extent, in the 25 GPa

sample also. However, there is still evidence of the twinned structures

in both of the annealed samples.

At 6000C, the micrographs are completely devoid of twins and the

fine substructure. In addition, the grain size has increased at this

temperature.

4.4.2 Effects of Pulse Duration

An increase in pulse duration from 0.5 to 1.0 .sec at 18 GPa and

at a constant rarefaction rate (: -63.5 GPa/psec) has a marked effectLon the microstructures. See Figure 61. The longer duration increases

the percentage of twins and of fine markings in the grains.

After the 450C anneal, the 0.5 Psec duration micrograph shows

ferritic grains with essentially no markirgs; the 1.0 psec duration

micrograph reveals a slightly reduced percentage of markings.

__N
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Aging at 6000C for one hour produces similar microstructures in

the two specimens: there is no evidence of fine substructure, and

there is slicht arain growth.

4.4.3 Effects of Rarefaction Rate

Rarefaction seems to have less effect on the microstructures

than the other two shock-wave parameters. As can be seen from

Figure 62, there is little perceptible difference between the pairs

of pictures. This is also the case for the other comparisons of

this parameter.

4.4.4 Effects of the Mode of Deformation

There is a noticeable difference between the microstructures of

the shocked and rolled samples, especially at the higher shear strains

(Figure 63). The cold-reduced steel does not contain any twins or

fine structure; therefore, there is no visible difference in the

microstructure as the aging temperature increases.

In contrast, the shocked sample's microstructure is characterized

by a high percentage of twins and fine substructure. At higher aging

temperatures, the markings within the grains disappear.

4.5 Transmission Electron Microscopy

4.5.1 Effects of Peak Pressure

The substructure of the AISI 1008 steel is greatly affected by

increasing peak pressure as seen in Figures 64 and 65. In the as-
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shocked state, the lower pressure shots are characterized by mechanical

twins or bands, and a high density of heterogeneously distributed dis-

locations. The highest density of dislocations occurs at the twin-

matrix boundaries. The dislocations tend to form sub cells, especially

in the absence of twins. The 4500C recovery anneals rearrange the

mobile dislocations to form a more homogeneous morphology. In fact,

the recovered 13 GPa samples show elongated dislocation lines with no

evidence of dislocation tangles or networks.

At higher peak pressures, Figure 65, the structures are more homo-

geneous than at the lower pressures. The substructure consists of

shear plates and sub-micron subgrains. These shear plates, which are

remnants of the a e £ a phase transformation, are actually elongated

subgrains. Electron diffraction shows a polycrystalline arrangement

of these subgrains. Also, there is a high density of dislocations A

within the subgrains.

The major difference between the 25 and 35 GPa micrographs is I
the absence of dislocations in several subgrains in the 35 GPa samples.

After aging at 450*C for one hour, the subgrains of the high

pressure shots become well defined, and the density of the dislocations

in the subgrains decreases. Selected area diffraction images of these

structures reveal a single-crystal orientation.

4.5.2 Effects of Pulse Duration

Figure 66 illustrates typical microstructures showing the effects

of increasing the pulse duration from 0.5 to 1.0 usec at 18 GPa and a

constant rarefaction rate in AISI 1008 steel. At both pulse durations,

there is a tendency for the high density of dislocations to form sub-

N -
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grains. However, there is no evidence of shear plates in the 0.5 usec

sample, as seen in the 1.0 psec duration sample.

The eesponse of the 1.0 4isec duration specimen to the 450°C

recovery anneal is similar to the response of the high peak-pressure

shots (i.e., the formation of well defined subgrains). On the other

hand, the shorter duration sample responds in a similar manner to the

lower pressure samples.

4
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V. DISCUSSION OF RESULTS

5.1 General Discussion of Structure and Mechanical Properties

5.1.1 Substructure Development

The variation of peak pressure greatly modifies the substructure

of the as-shocked and shocked plus annealed samples. (See Figures 6,

7, 60, 64). Peak pressures up to 13 GPa produce mechanical twins and

a high density of dislocations. The appearance of Neumann bands in

shocked iron is very common [16,17,32], and it has been shown [16]

that these markings occur on the {211} planes. It has been further

shown [32] that twinning is produced by the compressive shock front

rather than by the tensile reflection.

The dislocations accompanying the mechanical twins at low shock

pressures were generally tangled in ill-defined networks heterogeneously

scattered within the grains. The cellular structures were more diffuse

than is found in conventionally deformed iron [33] or in shock-loaded

f.c.c. materials [34,35]. In the regions where twin markings were not

as prominent, the dislocations were more uniformly distributed and

straighter. This latter dislocation configuration is similar to those

previously obtained for shocked iron [17].

A possible explanation for the lack of a well-defined cell

structure follows: The formation of cells is believed to be due to

the interaction of dislocations which are able to move on various

slip systems. Thus, the resulting cell boundaries are composed of

dislocations with several different Burgers vectors [36].

Meyers [37] recently proposed a mechanism for dislocation genera-

tion in shock-wave deformation. According to his model, dislocations

_ Ig
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are homogeneously nucleated at the shock front and are periodically

left behind to account for the deviatoric strains. The rarefaction

part of the wave can further accomodate deviatoric strains by moving

[ dislocations and by generatinq new ones. The stress fields associated

with the newly formed dislocations can then interact with the stress

fields of the already existing dislocations. Thus, the dislocations

are able to move, but at velocities less than the transverse shear

wave velocity of the material.

At high velocities (0.5zvzO.9c), where "c" is the transverse shear

velocity, and "v" is the velocity of the moving dislocation, the

stress field of a screw dislocation shrinks in the direction of motion.

Because of this shrinkage, the force between fast moving screw dis-

locations goes tc zero [38]. In contrast, the stress fields of moving

edge dislocations of like sign attract rather than repel each other

in this velocity range. Also, the force between edge dislocations

increases with increasing velocity [38].

The ramifications of these phenomena are the following: (1) the

screw components of the dislocations are relatively immobile compared

to the edge components; (2) it seems that cross-slip is inhibited for

the screw components; (3) the resulting dislocation morphology con-

tains elongated segments of screw dislocations.

The above model pertains to the lower pressure samples (Ml3 GPa);

at higher pressures, twinning and phase transformations are the pre-

dominant deformation mechanisms in iron-base alloys. Therefore, it

follows that in the presence of extensive twinning or phase trans-

formations, the dislocation morphology is different [39]. 1
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It is well known [40] that iron can transform from b.c.c. a to

h.c.p. c under the application of shock waves. The close-packed phase

resulting from this pressure-induced transformation depends upon both

the applied pressure and temperature [41]. Although no quantitative

data concerning the a- e transformation were obtained in the present

[EI study, it is beneficial to discuss the qualitative results in terms of

other investigations.

In general, the martensitic reaction competes with slip as the

mode of deformation when external stresses are applied. The shear

stress required to activate the martensitic transformation decreases

with decreasing temperature, whereas the shear stress required to

initiate slip increases with increasing temperature [42].

In addition, it has been found [42] that the Ms temperature

should be raised by uniaxial compressive stresses. This is tanta-

mount to saying that as the applied stresses increase with increasing

peak pressures, it is more energetically favorable for the a to trans-

form to e than for slip to occur. The observed increase in the trans-

formation product with increasing pressure (Figures 65 and 66) is con-

sistent with this contention.

Other investigators [43] have found that the ac transformation

in iron is abaric; i.e., the transformation begins at approximately

13 GPa and completed at approximately 17 GPa.

The martensitic phase transformation is not isotropic; rather,

it is a function of orientation. The observation that pressure-in-

duced transformation in iron is associated with markings on {1121 a

planes suggests this anisotropy. As further evidence, not every grain

shown in Figures 6-11 and 60-63 has transformed.

-- _N
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Kelly [44] proposed that an invariant plane strain on {112} a

together with a dilatation or approximately 1.5% will complete the

transformation from a to e. At the maximum dilatation a twin-related

pair will result since twins can only have exactly the same common

habit plane on {112} a. According to Bowden and Kelly [45], in the

absence of a dilatation or with values less than 1.5%, the a to

transformation cannot occur by a single invariant plane strain. How-

ever, the transformation could occur by the addition of a small in-

homogeneous shear, which they assumed is in the form of slip. In this

case, habit planes other than {l12} a are probably involved. The re-

sulting substructures from the martensitic transformations are shown

in Figures 64-66. It was not determined whether the shear plates are

twin-related to the matrix. It is believed, however, that slip was

operating in some cases to form the complex cellular structure and

could have also assisted to induce the transformations.

The role of pulse duration on the formation of the substructure

is twofold: First, increasing the pulse duration allows the dis-

locations generated by the shock stress more time to migrate and

equilibrate [46]. From the TEM work it was found that an increase

in pulse duration from 0.5 to 1.0 usec is more effective altering

the dislocatio-h morphology than an increase from 1.0 to 2.0 Psec.

This suggests that the structure becomes saturated with dislocations

at durations of approximately 1.0 psec. Second, as the duration

increases, there is more time to activate rate-dependent processes

such as twinning and phase transformations. Conventional isothermal

experiments on 70% Fe - 30% Ni single crystals have shown that mart-

ensitic plates form in about 0.3 psec and that the linear growth



____ -- - . ... =. ---- -

velocity is about 105 cm sec " [47]. This high growth velocity suggests

that the rate of nucleation is the limiting factor in the formation of

twins and martensite [48,49]. To this author's knowledge, the kinetics -;

of shock-induced transformations in AISI 1008 steel have not been pre-

viously determined. It seems, however, that the time of formation of

one plate of e-martensite is on the order cf 0.5 -sec. Consequently,

longer duration times would favor nucleation and growth of the stress-

aided deformation products. A good example of the role of pulse

duration on microsctructure development is shown in Figure 8 and 9.

Thermal energy from the isochronal anneals at 450'C was sufficient

to alter the substructures of the shocked AISI 1008 steel. By com-

paring the 25 GPa as-shocked and shocked plus annealed structures in

both Figure 60 and Figure 65, it is evident that cell walls are

Imore mobile than large-angle boundaries.
It is postulated that tne mechanism by which the diffuse cells

of the as-shocked material sharpen and grow with subsequent anneals

is a complex form of subgrain recovery. If, as postulated earlier,

the cell walls are composed of dislocations with mixed edge and screw

orientations, then they cannot be tilt boundaries. Rather, the cell

walls are probably a combination of twist and tilt type [50]. Further-

more, it was pointed out that aging at 4500C led to a decrease in the

misorientation across the subgrain boundaries. Thus, it is possible

that a mechanism similar to Li's [51] is responsible for the subcell
refinement.

The emergence of recrystallized grains was not revealed by optical

A
microscopy in the higher temperature range; annihilation of the mark-

ings within the grains simply led to grain growth. This lends support ]K I9

AM
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to the adoption of Li's theory [51]. However, since TEM of the higher-

temperature specimens was not performed during this investigation, it

is not known whether subgrain reorientation is followed by subgrain

coalescence and sub-boundary migration as dictated by the proposed

model [51].

5.1.2 Mechanical PropertiesI .- The hardness and tensile properties of the shock-hardened and

subsequently annealed specimens can be explained in terms of the sub-

structures. For example, it was noted in the previous section that

the hardness and strength of the AISI 1008 steel and ingot iron

increases with increasing peak pressure. As discussed in Section

5.1, there is an attendant increase in dislocation density, twin

density, and above 13 GPa, an increase in shear plates, with in-

creasing peak pressure. In addition, there is a tendency to form

diffuse cell structures. It is observed that increasing twin volume

fraction increased the UTS and 0.2% offset yield strength. (Figure

67 and 68). Thus, by decreasing the mean-free-path of the mobile

dislocations by forming barriers, the strength and hardness of the

samples increase.

The residual strength of shock-loaded AISI 1008 steel also in-

creases with increasing pulse duration at constant peak pressures

and rarefaction rates. For example, Figure 25 and Figure 26 show that

an increase from 0.5 to 1.0 psec duration increases the hardness by

greater than 50%. There is also an increase in the yield strength

and UTS in these samples as seen in Figures 18 and 19. These results

show that the effects of pulse duration on the hardness and strength

I 4



are similar to the effects of peak pressure. This is consistent I
with results from previous investigations as reported by Meyers [52]

and by Moin and Murr [53].

The increase in hardness and strength in the longer duration

samples can probably be attributed to the more intricate dislocation

morphologies and the increase in the number of twins and martensite

debris. These deformation products act as barriers for further dis-

location gliding thereby increasing strength and hardness.

All of the tensile tests of the shock-hardened samples showed

plastic instability or work-softening as noted earlier. The explana-

tion of this phenomenon is briefly summarized below. According to

Longo and Reed-Hill [54], work-softening occurs in many materials that
m have been deformed at low temperatures or at high strain rates. The

dislocation substructure generated at these conditions is very un-

stable due to the lack of dislocation annihilation and the formation

of the diffuse cell structures. When the shocked sample is unloaded

to its yield stress during the tensile test, the unstable dislocation

configuration is replaced by a more stable one.. This probably occurs

by dislocation annihilation and re-arrangement. The resulting sub-

structure is characteristic of the morphology formed at that stress

level, temperature and strain rate [55]. The deformation is concen-

trated in certain regions which leads to premature necking [54]. The

increase in stress from the necking further concentrates the soften-

ing. Thus, as noted earlier, the tensile samples exhibit small

elongations with a large reduction in area.

Annealing noticeably affects the mechanical properties of the

shocked and cold-rolled AISI 1008 steel and ingot iron. In the shock-

hardened samples, the recovery of hardness above -4500C is probably

,- _ _ -- - = ~- --: - -
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due to the elimination of sub-grain boundaries, deformation twins,

transformation debris, and the diffusion of vacancies. The increased

softening in the initially harder samples results from the release

of a greater amount of stored energy from the defects. The morphology

of the substructure of the cold-rolled samples was not determined.

However, it is postulated that softening in these samples occurs

mainly by the elimination of subgrain boundaries and possibly by the

diffusion of vacancies. This would account for the more sluggish re-

covery observed in the cold-rolled material than in the shocked mat-

erial (Figures 20-39).

The one-hour, 450% recovery anneals had several effects on the

st.ess/strain curves of the shocked samples. One obvious change is

the increase in elongation to UTS in the low-pressure shots. This

stabilization is probably a result of the annihilation of mobile

dislocations, and the refinement of the subgrain boundaries. The

work-softening effects were only partially reduced in the higher

pressure samples. See Tables XVII and XVI and Figures 40-58.

Another modification from aging is the appearance of upper and

lower yield points prior to strain hardening. The origin of the

yield points has been discussed by several authors [56,57,58] and is

summarized below: When the samples are aged at 4500C, carbon and

nitrogen diffuse to dislocation lines. Diffusion is aided by the

attractive forces between the strain field of the dislocation and

the strain field associated with the interstitial. The dislocation

is thus anchored by the impurity cloud. Additional stress is

needed for the dislocation to break free from its atmosphere. This

increase in the stress is responsible for the upper yield point.
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The lower yield point was explained as the result of dislocations

breaking away from their impurity clouds. At the lower yield point,

zones or bands of high dislocation density spread through the material.

The deformed regions, known as Liders bands, grow at an almost con-

stant stress level. When the bands have traversed the gauge length,

the grains are filled with dislocations. Plastic deformation continues

by multiplication of these dislocations, leading to work hardening.

The lack of upper and lower yield points in the undeformed and

as-deformed (shocked and rolled) samples is probably due to the dis-

persion of the impurity atonis when the samples were annealed. None

of the ingot iron samples displayed the yield point phenomena, even

after the recovery anneals. Thus, it is postulated that carbon in

solid solution is absent in the ingot iron.

The higher strength of the cold-reduced (4,6, and 12%) steel com- i]

pared to the shocked (8,10, and 18 GPa) steel is difficult to explain

(see Figure 42-44). In a study of TMP of Inconel 718 by cold rolling

(19.1%) and shocking (51 GPa), Meyers and Orava [59] observed similar

results. The authors attributed the higher strengths in the cold-

reduced samples to a higher dislocation density. They suggest that

this is due to the use of effective strain rather than maximum shear

strain as a basis of comparison. Although this reasoning is not

applicable to the present study, it is possible that the dislocation

morphology produced by cold rolling is a more effective strengthening

Rmechanism than the arrangement produced by shock loading.

5.2 Purity and Grain Size I
Although no direct comparison between the total properties of
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the AISI 1008 and the Magnetic Ingot Iron is possible due to the

difference in starting grain size, each shows a similar strain aging

trend.

The volume % of grains containing twins is higher in the

Magnetic Ingot Iron than the AISI 1008 in 10 out of the 18 shots.

Hull [60] determined that twinning stress increases with decreasing
grain size in 3% silicon iron. The higher volume fraction of twins

in the larger grain size Magnetic Ingot Iron presents data consistent

with this theory.

The strain-aging behavior of the Magnetic Ingot Iron and AISI

1008 were found to be very similar. Considering the compositional

differences between the two materials this finding is at first diffi-

cult to believe. Reed-Hill [30] has determined that 0.04 percent

carbon or nitrogen is needed to have sufficient interstitial solute

to form dislocation atmospheres. The AISI 1008 with 0.074 percent

carbon would be expected to show considerably more strain-aging than

the 0.006 percent Magnetic Ingot Iron. However, the Ingot Iron con-

tains 0.006 nitrogen which would add its effect to that of the carbon.

Holland [61] has determined that the diffusion of nitrogen to form

atmospheres would be expected to be the rate-controlling process for

strain-aging in iron when nitrogen and carbon are both present. It

is believed that the higher percent of faster nitrogen in the

Magnetic Ingot Iron compensates for the lower carbon content making

the strain-aging of the two materials similar.
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VI. CONCLUSIONS

The conclusions that can be drawn from the experimental results

follow:

1) Peak pressure is the most significant shock-strengthening

parameter. An increase in peak pressure increases the

tensile strength and hardness.

2) For material shocked between 25 GPa and 35 GPa pressure, a

two-fold increase in UTS is observed. Residual hardness

increases between 13 GPa and 25 GPa and appears to level off.

3) A variation in pulse duration does contribute to minor diff-

erences in the shock strengthening of iron. The volume frac-

tion of twins was shown to increase with increased duration.

Increasing the pulse duration also leads to increase the 0.2%

,ffset Yield. The effects of duration were found to be more

pronounced in the 13-33 GPa pressure range.

4) Rarefaction rate is found to be the least significant shock

parameter. No systematic modification in mechanical pro-

perties or microstructure was observed. Accordingly, in

previous work, pulse duration effects can probably be attri-

buted to duration and not to concurrent changes in rarefaction

rate.

5) Of the three shock-wave parameters, peak pressure has the most

effect on the annealing response of shock-hardened AISI 1008

steel and Armco ingot iron.

a) The samples shock-loaded below the 13 GPa phase transition

experienced limited hardness recovery. There was only

gradual softening with increasing temperature.
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b) Peak pressures greater than 13 GPa promote increased

initial hardness and more dramatic softening with

subsequent recovery anneals.

6) Increasing the pulse duration from 1.0 to 2.0 usec seems

to have only minor effects on thermal response. In contrast,

as increase from 0.5 to 1.0 psec leads to a more pronounced

softening. This suggests that at constant peak pressure

and rarefaction rate, hardness saturates at pulse durations

of approximately 1.0 usec.

7) Varying rarefaction rate shows no unifying trends on the

softening of shocked AISI 1008 steel.

8) With small amounts of plastic deformation there is little
difference in the hardness or annealing response between

cold-reduced (4 and 6%) and shocked (8 and 13 GPa) steel.

At high plastic deformation, a more dramatic softening

occurs during annealing of the shock-hardened materials

than occurs in the samples cold reduced to equivalent maxi-

mum shear strain.

9) The elimination of work softening in the lower peak-pressure

samples was a major effect of the one hour, 450% recovery

anneals. However, the recovered high pressure shots con-

tinued to exhibit work softening, A secondary effect of aging

was the appearance of upper and lower yield points in the

AISI 1008 steel. This yielding phenomena was not observed

in the recovered ingot iron.

(10) The recovery anneals generally improved the mechanical pro-

perties of both the cold-rolled and shocked AISI 1008 steel.

_oI
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The modifications were characterized by drops in the 0.2% G

offset yield strength, equivalent UTS in the cold-rolled

and lower pressure specimens, and increased ductilities.

The 25 and 35 GPa shots experienced a decrease in both the

yield strength and the UTS, and slight increases in the

ductility.

(11) Diffuse cellular structures and mechanical twins were the

predominant microstructural features in the lower peak-

pressure samples. Above 13 GPa, there was a higher density

of dislocations which terded to form subgrains. In addi-

tion, there was evidence of the a-- phase transformation

at the higher pressures.

(12) The phase transition was found to depend on peak pressure,

pulse duration and crystallographic orientation of the grains

for the 18 GPa samples.

-V -AA
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TABLE V II

TENSILE PROPERTIES OF MAGNETIC INGOT IRON

UTS %ELONGATION f REDUCTION

SHOT (MN/rn2) TO UTS IN AREA

285.8 26.6 81.52

1 295.2 11.5 79.08

2 296.2 17.5 73.18

3 280.8 26.9 80.56

14 301.1 12.3 77.95

5 288.8 23.1 81.37

6 292.0 14.8 82.24

7 303.7 13.2 76.28

8 339.0 7.14 8o.81

9 298.6 21.5 77.04

10 306.0 6.5 77.36

11 421.6 1.5 68.67

12 392.0 3.2 71.56

13 327.0 0.145 79.16

14 328.6 6.25 73.60

15 629.0 1.5 60.58

16 494.14 1.0 72.60

17 618.5 2.1 59.94I

18 593.9 1.7 514.02
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TABLE VIIII
TENSILE PROPERTIES OF AISI 1008 STEEL_

UTS % ELONGATION % REDUCTIONSHOT (MN/rn 2  TO UTS IN AREAI

-305.6 214.4 74.67

1318.8 12.4 69.52
2 326.2 11.9 66.92

3 360.9 19.5 67.80

4 330.7 18.3 74.02
5 348.0 6.6 68.99

6 3314.0 15.3 65.86

7 345.0 3.6 68.93
8326.5 13.8 74.35]

9 325.1 25.7 75.61
10 351.0 28.4 69.76]
1). 361.9 11.0 67.75
12 367.9 4.3 69.65 V

13 340.4 25.1 70.39
14 347.6 7.9 72.90

15 680.6 5.8 44.145
16 559.2 1.4 57.08

17 705.1 5653.98

18 718.8 5.6 52.05
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TABLE IX
YIELD STRENGTH 0.2 % OFFSET DATA FOR

MAGNETIC INGOT IRON AND AISI 1008 STEELI YIELD STRENGTH
(MN/m 2 )

PRESSURE DURATION RAREFACTION
SHOT (GPa) (usec) RATE

_ _(GPa/usec) MAG FE 1008

.... 125.4 210.2

1 8.0 1.0 -51.5 292.5 265.0

2 8.0 1.0 -34.9 291.3 311.5

3 8.0 2.0 -35.0 214.5 297.4

4 10.0 1.0 -51.4 294.0 309.4

5 10.0 1.0 -36.5 261.9 304.9

6 10.0 2.0 -36.4 272.1 323.8

7 13.0 1.0 -51.0 279.1 325.4

8 13.0 1.0 -38.8 324.7 307.0

9 13.0 2.0 -38.5 284.8 307.4

10 18.0 0.5 -63.8 296.2 291.5

11 18.0 1.0 -63.3 318.3 306.9

12 18.0 1.0 -42.5 338.8 338.3

13 25.0 0.5 -71.8 319.6 304.4

14 25.0 1.0 -70.5 328.6 329.2

15 25.0 1.0 -51.1 433.1 364.7

16 35.0 0.5 -78.0 399.6 407.2
17 35.0 1.0 -79.9 42.5 178.4

18 35.0 1.0 -53.3 475.3 420.8
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FIGURE 1. Light Micrograph of Preshocked Structure of
(a) Armco Magnetic Ingot Iron After Annealing
at 723 C for One-Half Hour With Furnace Cool,
(b) AISI 1008, As Received.
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FIGURE 2. Plate Impact Plane-Wave Generators
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FIGURE 3. Specimen Assembly.A
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(b) Inclined-Plate Assembly

FIGURE 4. Photographic Mock-up of Shot Assemblies Ready

for Detonation: (a) Parallel-Plate Assembly,

(b) nclied-Pate ssemlyI
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FIGURE 7. Microstructure of Shock Hardened AISI 1008 Steel as a Function
of Shock Pressure at Constant Pressure Duration and Rarefaction
Rate (a) 10OGPa, (b) 13 GPa, (c) 25 GPa, (d) 35SGPa.



- - - -~7

78

Iszt

P 5_1

FIGURE 8. Microstructure of Shock-Hardened Armco Magnetic Ingot Iron
as a Function of Peak Pressure Duration. (a) 18 GPa pressure,
-63.8 GPa/jpsec rarefaction, 0.5 vasrc duration, (b) same as (a)
except 1.0 lisec duration, (c) 25 GPa pressure, -71.0 GPa/lisec
rarefaction, 0.5 psec duration, (d) same as (c) except .0psec

duration.
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FIGURE 9. Microstructure of "hock-Hardened AISI 1008 Steel as a Func-MOZ
tion of Peak Pressure Duration. (a) 18 GPa pressure, -63.8
GPa/iisec rarefaction, 0.5 lisec duration, (b) same as (a)
except 1.0 p.sec duration, (c) 25 GPa pressure, -71.0 GPa/
iisec rarefaction, 0.5 p~sec dur'ation, (d) same as (c) ex-
cept 1.0 psec duration.
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FIGURE 10. Microstructure of Shock-Hardened Armco Magnetic Ingot Iron
as a Function of Rar-efaction Rate. (a) 35 GPa pressure,
1.0 ijsec duration, -79.9 GPa/vsec rarefaction rate, (b)
same as (a) except -53.3 GPa/Psec rarefaction rate.
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FIGURE 11. Microstructure of Shock-Hardened AISI 1008 Steel as a
Function of Rarefaction _Rate. (a) 35 GPa pressure,
1.0 Psec duration, -79.9 GPa/ijsec rarefaction rate, i
(b) same as (a) except -53.3 GPahjsec rarefaction
rate.
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FIGURE 60. Microstructure of AISI 1008 Steel shocked at 1.0 .sec
duration and =-51.5 GPa. sec rarefaction rate: (a) 13 GPa; (b) same
as (a) plus 450'C/lhr; (c) same as (a) plus 600*CIhr; (d) 25 GPa,(e) same as (d) plus 450'C/lhr; (f) same as (d) plus 600'C/lhr.
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FIGURE 63. Microstructure of AISI 1008 'tee': (a) shocked at 35 GPa
pressure; 1.0 Psec duration and -53.3 Gla/lpsec rarefaction rate; (b) same
as (a) plus 4500C/lhr; (c) same as (a) plus 600'C/lhr; (d) cold-rolled
16%; (e) same as (d) plus 450'C/lhr; (f) same as (di) plus 6000C/lhr.
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FIGURE 64. Substructure of AISI 1008 Steel shocked at 1.0 j1sec duration
and =-51.5 GPa/1isec rarefaction rate: (a) 10 GPa pressure; (b) same as
(a) plus 450'C/lhr; (c) 13 GPa pressure; (d) same as (c) plus 4500C/lhr.
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FIGURE 65. Substructure of AISI 1008 Steel shocked at 1.0 psec duration
and =-51.5 GPa/Psec rarefaction rate: (a) 25 GPa pressure; (b) same as
(a) plus 450C/lhr; (c) 35 GPa pressure; (d) same as (c) plus 450C/lhr.
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